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Abstract. The total and spectral irradiance varies over short time scales, i.e. from days to 
months, and longer time scales from years to decades, centuries, and beyond. In this talk we 
review the current understanding of irradiance changes from days to decades. We present the 
current status of observations and discuss proposed reconstruction approaches to understand 
these variations. The main question that ultimately needs to be answered is what are the physical 
processes that could explain the enhanced heating of the photosphere, chromosphere, transition 
region, and corona, leading to a change in the solar radiative output at various wavelengths. As 
semi-empirical models allow us to reproduce the solar spectrum over a broad wavelength range, 
they offer a powerful tool to determine the energy necessary to heat certain layers and at the 
same time balance the radiative losses. 
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1. Introduction 



The incoming solar radiation is the main energy driving the Earth's climate system. 
This radiation varies as a function of wavelengths on timescales of days to months, 
and years to decades and centuries. While the variations of the total solar irradiance 
(TSI) cannot be the reason for the increas e of the mean global temperature over the 
past 20 years (jLockwood fc Frohlich 2007 ). the variations of the solar spectral irradi- 
ance (SSI) are c onside red to have an effect on th e Earth's climate system. For example, 
Egorova et al. I (|2004T ). and lAustin et al. I (|2008r ) demonstrate that the Earth's atmo- 
sphere shows an effect on the solar cycle variability in the UV spectral range. The effect 
of a long-term trend of the solar spectral variability on the Earth's climate system are 
however not yet fully understood. This is partly due to the lack of a sufficiently long 
and precise time series of the SSI that is needed as input for Global Circulation Mod- 
els (GCMs). Therefore, reconstructions of the TSI and SSI for time scales of decades 
and longer are essential for fully understanding of the Sun's role in the Earth's climate 
system. 

Another important aspect of the SSI is the varying EU V radiation that influences the 
thermosphere and ionosphere ([Fuller-Rowell et al. 1 120041 ). Due to the variations of the 
incoming EUV radiation, the neutral density in the Earth's upper atmosphere changes. As 
the motion of satellites depends on the neutral density, being able to nowcast and forcast 
the density allows a more precise localization of the satellites. This clearly improves the 
reliablity of satellite operation. 

Finally, understanding the effects of the varying SSI on the Earth's atmosphere and 
climate system has received increasing interest not only for the Earth, but also with 
respect to the conditions of the atmospheres of other planets. 

In the next section the latest observations are briefly mentioned. In Sec. |3] the current 
status of the reconstruction models for the TSI and SSI is presented. Then, in Sec. 13. 31 
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Figure 1. Latest available update of the TSI composite since the start of its measurements 
from space. The colored lines indica te daily measure ments taken by different instruments the 
composite is based on; for details see iFrohlich I (|2009l ). 



we present latest calculations for the EUV spectral range. Finally, in Sec. H] we discuss 
the latest reconstruction approaches in a broader perspective. 



2. Observations 



2.1. Total Solar Irradiance Variations 



The TSI is the wavelength integrated radiation emitted by the Sun measured at a distance 
of 1 AU. For more than three decades it has been measured from space. T he measurements 
were taken by a number of different instruments; for details see 



Domingo et al. 



( 20091 ). Sec. 2.1. Fig.[T]shows the composite compiled by Frohlich I (120091) showing a clear 
11-year solar cycle variability. This variability is considered to be a result of the changing 
contribution of surface features, such as the quiet and active network, sunspots, plage, 
and faculae, to the overall emergent intensity. 

2.2. Spectral Solar Irradiance Variations 

The variability of the SSI is a strong function of wavelength. Therefore, in order to study 
the response of the Earth's atmosphere over the solar cycle the SSI has to be continuously 
observed over decades with sufficient spectral resolution and over a broad wavelength 
range. For a detailed l ist of past and future missions dedicated to observing the SSI see 
Domingo et al. ( 20091 ). Sec. 2.3. A few of the most recent instruments are listed below. In 
the UV, a continuous time series from sp ace was only st arted in 1991 with the launch of 
the Upper Atmosphere Research S atellite ( Willson Ill994l U ARS). having the Solar Ultra- 



violet Spectra Irradiance Monitor (Bruec kner et al. 11199 3. SUSIM) and the Solar Stellar 



Irradiance Comparison Experiment (jRottman et al. 1 11993. SOLSTI CE) onbo ard. With 
the launch of the SOlar Radiation and Climate Experiment (jRottman I l2005l SORCE) 
the spectral range of the SSI from 1 nm to 2,700 nm was for the first time covered for 
continuous observations. The Solar Auto-Calibrating EUV/UV Sp ectrometer (SolACES) 
and SOLar SPECtrum (SOLSPEC) experiments on SOLAR/ISS (|Thuillier et al. 112003 : 
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Schmidtke et al. 20061) that was launched in February 2009 measure the solar spectrum 



from 16 to 226 nm (in 4 separat e channels) and 180 to 3000 nm. 

Recently. [Harder et al. I (|2009l ) discovered from the SORCE/SIM ((Harder et al. Il2005bl ) 



observations that different wavelength intervals of the solar spectrum show opposite 
trends in the solar cycle variability. These new findings show that the TSI variability is 
the sum of a SSI variability, which partly cancels due to its opposite sign. These findings 
pose a challenge for recontruction models that need to be able to reproduce this effect. 

The continuous time series of SSI provided by SORCE is extremely valuable for the 
study of the solar radiation effects on the Earth's climate. For climate studies the ultimate 
goal is to reconstruct solar irradiance as far back in time as possible to study its long- 
term effects on the Earth's climate. Thus, precise reconstructions of the SSI over decades 
and beyond are necessary. In the next section the available reconstruction models are 
discussed. 



3. Models for irradiance variations 



3.1. Total Solar Irradiance Variations 

With the availability of precise TSI and SSI measurements from space since the 1970s, 
modeling these variations became a challenging task. The early models were based on 
indices such as e.g. the sunspot number (SSN), the Mg II core-to- wing ratio, and the so- 
lar F10.7 cm radio flux. Th ese indices are ass o ciated with solar activity, but not directly 
with the emitted radiation. Frohlich fc Lean 1 (|2004 ) could explain the TSI variations by 
a combination of the sunspot darkening derived from the SSN and the facular bright- 
ening based on a long-term and short-term analysis of the Mg II index. The SATIRE 



model (Solanki et al. 



20051 and refe r ences therein) uses intensity spectra calculated with 



Kurucz et al. ( 199ll ) to describe the intensity emitted by different 



the ATLAS9 code by 

solar surface features, i.e. quiet Sun, sunspot umbra and penumbra, network, and facu- 
lae. SOHO/MDI and Kitt Peak magnetograms are employed to derive the surface area 
covered by the features as a function of position on the disk. For the calculation of the 
intensity spectra, local thermodynamic equilibrium (LTE) is assumed. These models are 
very successful and can explain the TSI variability almost entirely due to the changes of 
the solar surface magnetic field. 

Evidence that the Sun varies on longer time scales is seen in radionuclide data, e.g. 
Be from ice cores (IBeer I l2000h . Radionuclides are produced when cosmic ray particles 
enter the Earth's atmosphere and interact with the atoms in the atmosphere, thereby 
also producing neutrons. The flux of the cosmic ray particles is controlled by the helio- 
spheric magnetic field (HMF) and the geomagnetic field. In fact, the production rate of 
the radionu clides is anti-correlated with the extent of the HMF. It has been shown by 
Beer I (120001 ) that the rates of neutrons and 10 Be behave very similar. This fact allowed 



10 



Scholl et al. I (l2007h to reconstruct the variability of the TSI based o n neu tron monitor 
data and the SSN. Based on 10 Be data, recently ISteinhilber et al. I (|2009l ) presented a 
TSI reconstruction for the past 9300 years. 



3.2. Spectral Solar Irradiance Variations 

3.2.1. Reconstruction from magnetograms 

The calculation of solar intensity spectra based on the assumption of LTE, as described 
in Sec. l3.1[ is not suitable for the UV and shorter wavelengths. Moreover, the formation 
of negative hydrogen, the main continuum opacity source in the visible and IR, depends 
on the electron density, which in turn depends on the ionizing UV radiation. As the latter 
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Figure 2. Reconstruction of Lyman a based on NLTE spectral synthesis with the COSI code 
and the feature identification from magnetograms as employed in the SATIRE model. Adopted 
from lHaberreiter et al. I (120051 ) . 



shows non-LTE (NLTE) effe cts, so does the formation of negative hydrogen; for details 
see e.g. IShapiro et ai ( 20091) . Thus, accounting for the NLTE effects is essential for the 
synthesis of the correct solar spectrum, from the UV to the IR. These effects clearly also 
influence the solar cycle variation of the SSI. 

Nevertheless, within the SATIRE model a method has been developed that allows ex- 



trapol ating the SSI for wavelengths down to 115 nm. Based on this method. iKrivova et al. 



(2009) present the reconstruction of the TSI and SSI for the years from 1974 to 2007. 
Again, the SATIRE model is very successful in describing the variability of the TSI and 
SSI. However, one has to keep in mind that the physical processes involved in the ir- 
radiance changes are very complex, and, in order to understand them they need to be 
accounted for in the models in full detail. 

( 2005f) extended the 



In ord er to improve t he sp ectral synthesis lHaberreiter et al. 



work by IKrivova et al. I (|2003l) and calculated solar spectra with the NLTE radiative 
transfer COde for Solar Irradiance (lHaberreiter et al. Il2008al|pl COSI) using the atmo- 



sphere structures by iFontenla et al. 



(|1999l ). Based on the magnetogram analysis used 
in SATIRE they reconstructed the SSI for the wavelength range from 100 to 400 nm. 
Fig. [2] shows t heir r econstruction for Lyman a and compares it to the composite by 
Woods et al. I ( 2000f ). Following the SATIRE approach, the reconstruction is based on 



the changing intensity contributions for the quiet Sun, sunspots, and faculae. From Fig. [2] 
it is clear that the reconstruction underestimates the solar cycle variability by up to a 
factor of 2. This reconstruction however did not include the quiet and active network 
contribution. Whether the additional quiet and active network contribution is sufficient 
to explain the observed solar cycle variability still remains open. Another important 
point is that all reconstruction approaches disc ussed above assume a constant quiet Sun 
intensity over the solar cycle. However, work bv lSchiihle et al ( 2000f) indicates that the 
quiet Sun radiance changes over the solar cycle. If this is confirmed the reconstruction 
approaches certainly need to be revised. 
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3.2.2. Reconstruction from intensity images 

The analysis of magnetograms is only an indirect way to determine the brightness 
components responsible for irradiance variations. In fact the direct measurement of the 
intensity of all of the components allows a bet ter understanding of their nature 



The Presicion Solar Photometric Telescope ( Coulter et al. 19961 Ermolli et al. 2003 



White et ^"1120001 PSPT) at Rome and M. Loa Observatories take images m a narrow- 



band Ca II filter at 393 nm and a continuum wavelengths at 607 nm. These measurements 
allow the identification of solar surface features based on the intensity measured in each 
pixel. For example, the Solar Radiation Physical Modeling (SRPM) system provides 
tools to identify the surface features, such as intergranular cell, quiet and active network, 
faculae, plage, sunspot umbra and pe numbra, which are identified through their contras t 
as a function of position on the disk ( Fontenla et al. 20051 2009b i Harder et al. 2005a ) . 

The latest set of ID atmosphere structures ( Fontenla et al. 2009bh facilitates calculat- 
ing the observed intensity and center-to-limb behavior for each of the surface features as 
identified from the PSPT observations. Please note that the latest set of models does not 
represent the quiet Sun with one model. In fact the intensity spectrum for the quiet Sun 
is considered to be a combination of intergranular cell (Model B), quiet network (Model 
D) and active network (Model F). Fig. [3] shows the reconstruction based on this scheme 
for different wavelengths with an earlier set of atmosphere structures. The agreement is 
very robust, with slightly larger deviations for 430 nm. The approches discussed so far are 
used to reconstruct the TSI and SSI for past times, but there is also an increased intereset 
in nowcasting and forecasting the solar irradiance, in particular for shorter wavelengths. 

Recen tly, a lot of progress has b een made in forecasting active regions on the far side of 
the Sun (iLindsev fc Brown~ll2 000') . Alon g with the observations o f backscattered Lyman a 
(jOuemerais fc Bertaux 2002 ). recently iFontenla et al. I (|2009al) developed a tool that is 
capable of forecasting the Lyman a radiation for a solar rotation. The great advantage 
of this method is that it accounts for growing and decaying active regions that have not 
yet appeared on the near side. This opens the possibility to forecasting the full solar 
spectrum in the near future. One important application for forecasting the EUV is to be 
able to determine the neutral density in the ionosphere, which in turn permits a more 
precise satellite positioning. 

3.3. SSI variations in the EUV 
Similar to the reconstruction approach presented in Sec. 13.2. 2| the irradiance in the EUV 
is considered to be the sum of all intensities emitted by the different features at and 
beyond the solar disk. Fig.|4] shows the synthetic spectrum calculated with the SRPM 
system in spherical symmetry compared to the observed spectrum measured with the 



EVE rocket instrument during a calibration fligh t on April 14, 2008 (Chambcrli n et al 
2009). For details on the spectral synthesis see lHaberreiter fc Fontenla I (|2009h . We are 
currently in the process of calculating intensity spectra for various types of coronal fea- 
tures. Based on the feature identification from EIT images, this will finally allow us to 
calculate the irradiance in the EUV. 

Depending on the wavelength, the EUV is emi tted by different layers, i.e. the chromo- 
sphere, transition region, or corona. SOHO/EIT (iDelaboudiniere et al. |[l995h observes at 
four wavelengths, i.e. 17.1 nm, 19.5 nm, 28.4 nm, and 30.4 nm. The wavelength range at 
30.4 nm represents the cooler chromosphere, while 28.4 nm represents the hotter corona. 
It is clear that the feature identification in these regimes has to be different than in the 
case of the PSPT images. Nevertheless, the intensity distribution in each image is a power- 
ful measure to define thresholds that are characteristic for the chromospheric and coronal 
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Figure 3. Comparison of the SRPM reconstruction based on PSPT images and SIM/SORCE 
spectral irradiance measurements for different wavelengths (Ha rder et al. Il2005al ). The relative 
changes of the SSI are in solid agreement with the observation, indicating that there is a firm 
understanding of the SSI variability at these wavelengths. 



features. Fig. [5] shows the possibility to identify coronal features from a SOHO/EIT im- 
age observed on July 30, 2007 at 17.1 nm. The gray-scale is the logarithm of the intensity 
normalized to its median. The colored contour lines are thresholds that define coronal 
features such as coronal and equatorial holes (blue), quiet corona (green), coronal net- 
work (yellow), and hot and super- hot corona (orange and red). As the area covered by 
these features changes over the solar cycle, so does the disk-integrated radiation emitted 
by the Sun. In the EUV A difficulty arises from the fact that with increasing distance 
the extended corona gets increasingly optically thin, which makes a feature identification 
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Figure 4. Comparison of the synthetic spectrum (thin black line) with the spectrum observed 
with the EVE instrument during a rocket cal ibration flight on April 14, 2008 (thick gray line). 
Adopted from lHaberreiter fc Fontenla I (120091 ). 



more problematic. Furthermore, it is clear that a spherical line-of-sight integration that 
takes into account the extended corona is very important. 



4. Discussion 

Comprehending the irradiance variations ultimately depends on understanding the 
heating mechanisms that are responsible for an enhanced brightness of the different 
features on the solar disk. It is understood that the reason why sunspots are dark is due 
to the suppression of convective heat flow in the presence of strong magnetic field. On 
the other hand quiet and active network, plage, and faculae show an increased contrast. 
All these features are associated with enhanced magnetic field. 

However, the contrast of magnetic elements is a function of wavelength. Sunspots show 
a negative contrast in the visible wavelength ranges but are typically bright in the UV, in 
particular in Lyman a. The fact that the contrast of solar surface features changes as a 
function of wavelength indicates that different heating processes are involved in different 
layers of the solar atmosphere. 



The ID atmosphere structures by iFontenla et al. I (|2009bl ) are suitable to reproduce 



solar spectra at a moderate spacial resolution of 2" from the FUV to the IR. These 
structures are time-independent representations of an average solar atmosphere, and as 
such they cannot account for any of the possibly dynamic processes involved in the 
chromospheric and coronal heating. The additional strength of these models is, however, 
that they might serve as a diagnostic tool to determine how much heating needs to be 
provided by reasonable mechanisms in order to sustain certain temperatures in different 
layers of the solar atmosphere and at the same time balance the radiative lo sses. 



So me of the proposed heating mecha nisms are low- frequenc y acoustic waves (jJefferies et al. 



2006), the Farley-Buneman in stability (IFontenla et al. II2008I). corona l heati ng from Alfven 
Cranmer et al. | (|2007l ). nanoflares lPatsourakos fc Klimchukl d2009l). and heatin g 



waves 



processes of the corona that are rooted in the chromosphere ( De Pontieu et al~\ 20091 ). 
Ultimately, to fully understand the physics of the solar atmosphere, the physical pro- 
cesses of various heating mechanisms need to be included in the forward modeling, which 
eventually will allow us to reproduce solar spectra over a broad wavelength range. Ad- 
ditionally, the heating mechanisms also have to explain the solar cycle variability. Here, 
the physical properties of the ID atmosphere structures offer good diagnostics about 
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Figure 5. Coronal features identified from a SOHO/EIT image take at 17.1 nm. The contour 
levels correspond to -0.3 (blue dotted line, coronal hole), (green dashed line, quiet corona), 
0.2 (yellow solid line, coronal network), 0.5 (orange dashed-dotted line, hot corona) and 0.75 
(red long dashes, super-hot corona) of the logarithm of the intensity normalized to the median. 
These contour levels provide a good first measure to identify different coronal features. 

the temperature and pressure in certain regimes of the solar atmosphere. On the other 
hand, forward modeling using 3D MHD codes allows accounting for dynamic heating pro- 
cesses. Combining the insight that has been gained from both approaches has certainly 
great potential to advance our understanding of the physics of the solar atmosphere, and 
ultimately the variability of the TSI and SSI. 



5. Conclusions 

Our understanding of the TSI and SSI variations over shorter and longer timescales 
has advanced substantially over the past decades. Starting with solar activity proxies to 
reproduce these variations, we are now able to use detailed radiative transfer calculations 
to account for the irradiance variations. One of the remaining open questions is whether 
the quiet Sun radiance shows a long-term trend. If this is confirmed, then the current 
reconstruction models need to be refined to account for this effect. 

The increased precision of the TSI and SSI measurements builds the base for the un- 
derstanding of the processes that are behind its variab ility. The upcoming irradiance mea- 
surem ents by Picard/P REMOS (ISchmutz et al. Il2009h . PROBA2/LYRA (jrlochedez et al. 



l2006f) . and SDO/EVE (jWoods et al. Il2006f) will certainly improve our understanding of 



the TSI and SSI variability. SDO/AIA will provide images with an unprecedented com- 
bination of spatial and temporal resolution, and thus be very valuable for advancing our 
understanding of the physics behind the irradiance variations. 
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